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Abstract 
This study is the first test that proves high rate anaerobic digestion as an efficient 
technological process for the treatment of gin spent wash. The gin spent wash was co-
digested in UASB reactors with swine wastewater, which provided nutrients and 
alkalinity. The process was optimized by increasing the proportion of gin spent wash in 
the feed, and thus the organic loading rate (OLR) up to reactor failure. Stable high-
efficiency operation was reached at an OLR as high as 28.5 kg COD m-3 d-1, yielding 
8.4 m3 CH4 m-3 d-1 and attaining a COD removal of 97.0%. At an organic loading rate 
of 32.0 kg COD m-3 d-1, the process became unstable and the reactor underwent over-
acidification that drastically lowered the pH and suppressed methanogenesis. The 
failure of the reactor was caused by a combination of an organic overloading and 
alkalinity deficit that uncoupled acidogenesis and methanogenesis. 
Keywords: Biochemical Methane Potential; COD/N ratio; Effluent recirculation; 
Granular sludge; Over-acidification; Volatile fatty acids. 





The production of alcoholic beverages is one of the paramount industries around the 
world, both in terms of its economic value and as an engine for other sectors, in 
particular for agricultural production. The industry of production of alcoholic beverages 
is also a very important source of wastes worldwide. As regards spirits production, 
distillery spent wash (unwanted residual liquid waste) is considered the major liquid 
waste stream from the distilled beverage production due to its high Chemical Oxygen 
Demand (COD), high biodegradability and low pH (Acharya et al., 2008; Goodwin et 
al., 2001). The discharge of distillery wastewater into the environment before treatment 
is harmful and has high pollution potential including oxygen depletion in receiving 
water bodies, eutrophication, global warming and toxicity-related impacts (Mohana et 
al., 2009; Zang et al., 2015). On the other hand, distilleries are industries with an energy 
consumption that can be quite noticeable, mainly in the form of heat. Anaerobic 
digestion has been suggested as a feasible treatment process for distillery spent wash 
because its high organic pollution load can be converted into valuable methane gas 
(Barrena et al., 2018; Feng et al., 2017; Goodwin et al., 2001; Krishnamoorthy et al., 
2017). The high temperature (70-80ºC) at which the spent wash is produced is another 
strong point to be considered because anaerobic digestion requires process temperatures 
between 35ºC and 55ºC. Thus, anaerobic treatment could become a trend of great 
importance for the distillery industry in order to reduce the pollution potential of liquid 
wastes and, at the same time, complement the energy supply needed in the process by 
using the biogas produced. To deal with the high acidity and the high organic content of 
spent wash from other spirit beverages, treatment strategies have focused on dilution 
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with water and external alkalinity supplementation (Goodwin and Stuart, 1994; López 
et al., 2018; Akunna and Clark, 2000).  
Gin is a distilled spirit drink developed in northern Europe in the 17th century. It is a 
colorless liquid containing at least 37.5% alcohol with a flavour principally derived 
from juniper berries. It has several types and formulations, London Dry Gin being the 
most popular. Distilled gin is traditionally made by distilling neutral alcohol in the 
presence of juniper berries and other botanical ingredients (Vichi et al., 2005). This 
production method is a traditional batch process that involves distillation in which the 
middle fraction of the distillate from the spirit still will become the final product. An 
undesirable waste product consisting of a mixture of spent botanics and liquid remains 
in the pot still. The liquid and the spent botanics can be easily separated and thus treated 
separately. The liquid part of this waste can be called gin spent wash (GSW).  
To the best of our knowledge there are no previous studies dealing with the 
characteristics of the GSW, and in particular we are unaware of any focusing on biogas 
production and the main parameters affecting anaerobic digestion of this liquid waste. 
The distilled gin production process forecasts some features of the GSW in advance: 
low nutrient content because the only source of nutrients in the GSW proceeds from the 
botanics during distillation and absence of yeast cells as a consequence of using neutral 
alcohol as raw matter. On the other hand, similarly to other spirits’ spent wash, the 
GSW should have high COD content and low pH.   
The aim of this study was to evaluate the anaerobic treatment of GSW in UASB 
reactors. Because of the expected difficulties for the mono-digestion process, this first 
attempt has been performed in co-digestion mode with swine wastewater as co-substrate 
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to provide nutrients and alkalinity to help in the anaerobic process without the addition 
of chemicals. Operation with the minimum content of swine wastewater in the influent 
and the highest stable organic loading rate was the final target of this study. 
2. Materials and methods 
2.1 Substrates  
The GSW was collected between 24th January and 25th February 2018 from three 
different batches (GSW1, GSW2, GSW3) at Destilería Siderit, an emerging distillery 
located in Puente Arce (Cantabria, Spain). The swine wastewater (SWW) was obtained 
from a closed-cycle pig production farm and the total amount used in this experiment 
was provided on just one occasion, so that its composition did not change during the 
study. Both the GSW and the SWW were stored at 4ºC in the laboratory until use. The 
characteristics of both substrates are given in Table 1. 
 
Table 1. Characteristics of gin spent wash (GSW) and swine wastewater (SWW).  
Parameter GSW SWW 
TS (%) 10.4 ± 1.0 0.65 ± 0.03 
VS (%)1 9.7 ± 0.9 0.26 ± 0.02 
COD (g L-1) 168 ± 22 8.9 ± 0.1 
CODVFA (g L-1) 0 5.9 ± 0.1 
pH 4.2 ± 0.2 7.5 ± 0.1 
Alkalinity (g CaCO3 L-1) --- 10.0 ± 0.1 
TN (g L-1) 1.2 ± 0.1 2.0 ± 0.1 
TAN (mg L-1) 42 ± 11 1318 ± 15 
TP (mg L-1) 300 ± 15 640 ± 6 
BMP (L CH4 kg-1 COD) 316 ± 8 202 ± 5 




2.2. UASB reactor  
Cylindrical lab-scale UASB reactors, made of plexiglass, with an operating volume of 1 
L were used (1.3 L total volume). A stable reactor temperature was maintained at 
36±1ºC in the UASB reactor using a thermostat-controlled electric heating blanket. The 
biogas produced in the UASB reactor was collected daily in gas bags (Ritter GSB-P/22) 
and its volume was measured by connecting the gas bag to a liquid displacement system 
device. The UASB reactor was seeded with granular sludge from an industrial UASB 
reactor treating wastewaters from bioethanol production. Half of the reactor volume was 
filled with granules (12.9% TS and 10.2% VS).  
Figure 1. Experimental set-up scheme 
2.3 Mode of operation 
Fig. 1 shows the experimental set-up scheme of the process. The feed to the UASB 
reactor consisted of a mixture of the GSW diluted with dechlorinated tap water and the 
SWW. Every day, the feed tank was filled with 200 mL of the GSW dilution, 100 mL of 
SWW and 300 mL of effluent that were recycled from the effluent tank to dilute the 
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influent and to provide extra alkalinity for the process. The process was optimized 
increasing the organic loading rate (OLR) by increasing the content of the GSW in the 
daily feed up to reactor failure, keeping the HRT as a constant at 3.3 days. With the first 
operating condition, a 10% GSW dilution was used, being raised by 10% each time new 
conditions were assayed. These changes in the feed conditions (GSW content) were 
made after one week of operation at the current loading rate. The reactor was fed in 
semi-continuous mode in 15-minute cycles by means of a temporized peristaltic pump 
programmed to provide a daily flow of 600 mL. Operating conditions are summarized 
in Table 2.  
Table 2. Summary of operational conditions during UASB operation: Daily feed 
components and organic loading rates. 300 mL of effluent were mixed with the feed 
mixture in the influent tank. 
Period 1 2 3 4 5 6 7 8 
Days 1-7 8-14 15-20 21-27 28-34 35-41 42-50 51-54 
GSW (mL) 20 40 60 80 100 120 140 160 
GSW sample GSW1 GSW1 GSW1 GSW1 GSW2 
GSW2 
GSW3 GSW3 GSW3 GSW3 
Water (mL) 180 160 140 120 100 80 60 40 
SWW (mL) 100 100 100 100 100 100 100 100 
OLR (kg 
COD m-3 d-1) 3.9 ± 0.0 6.8 ± 0.1 9.6 ± 0.1 13.2 ± 0.7 18.0 ± 1.2 22.7 ± 0.2 28.5 ± 0.4 32.0 ± 0.3 
 
 
2.4 Analytical techniques 
The volatile fatty acids (VFA) and the biogas composition were determined using a 
HP6890 gas chromatograph. The biogas and methane volumes are expressed at 0ºC and 
standard pressure of 1 atm in dry conditions. Total Solids (TS), Volatile Solids (VS), 
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Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen (TKN), Total Ammonia 
Nitrogen (TAN), Total Phosphorous (TP) and alkalinity were performed according to 
standard methods (APHA, 1998). The biochemical methane potential (BMP) tests were 
carried out following the methodology described in Valero et al. (2016). 
2.5. Data analysis 
Statistical significance was tested by ANOVA analysis, complemented with mean value 
comparison using Tukey’s HSD tests with a threshold P-value of 0.05 declared 
significant. Statistical significance was analyzed for data related to the relationship and 
ratios of OLR and both methane production and methane content in the biogas 
throughout the UASB experimentation.   
3. Results and discussion 
3.1 Characteristics of the substrates 
The characteristics of the GSW and the SWW, depicted in Table 1, show very different 
properties. The GSW presents a very high organic content, with a mean COD of 168 g 
L-1 and  a low pH of 4.2, which is both out of the optimal range (6.5-7.5), and too low 
for the anaerobic digestion process (Deublein and Steinhauser, 2011). In addition, the 
nutrient content of the GSW is quite tight for the anaerobic digestion process. The 
minimal nutrient requirements for the metabolism of the microorganisms is within a 
COD/N/P ratio of 800/5/1 (Deublein and Steinhauser, 2011). On the other hand, the 
COD of the SWW was only 8.9 g L-1, but its pH is in the optimal range for anaerobic 
digestion. Moreover, the SWW has a high alkalinity content to prevent pH drop and 
enough nutrient content to balance the global C/N/P ratio of the mixture for the co-
digestion process. The specific methane yield in terms of COD (SMYCOD) for GSW and 
8 
 
SWW were 316 and 202 L CH4 kg-1 COD respectively. The different COD contents of 
the three GSW samples (GSW1 150 g COD L-1; GSW2 160 g COD L-1; GSW3 193 g 
COD L-1) will have an effect on the volumetric methane production rate (VMPR) during 
UASB reactor operation. Summing up, the GSW has great potential for its conversion 
into energy in the form of biogas due to its high organic content. However, there are 
also process limitations due to lack of nutrients and acidity that would make its 
anaerobic mono-digestion very difficult or even unfeasible without a co-substrate, such 
as the SWW for example, or chemicals addition. In this regard, Ma et al. (2017) 
reported the synergistic effect for co-digestion of different feedstocks with animal 
manure. 
3.2 UASB reactor performance 
3.2.1 Biogas and methane production  
The progression in the daily methane production can be observed in Fig. 2a. Each time 
feed conditions were modified, the daily methane yield increased due to the higher 
organic loading rate applied. The inertia of the process resulted in small increases in 
daily biogas and methane production on the second day of each condition as steady state 
conditions were reached. A bigger gap in daily methane production took place when the 
GSW source in the feed changed from GSW2 to GSW3 (day 32). As observed 
previously in the BMP determination of the GSW samples, the GSW3 presented a 
higher organic content that resulted in higher biogas and methane production values. 
The reactor was able to produce a maximum daily volume of 8.7 L CH4 at day 50, when 
the system was fed with 140 mL per day of pure GSW3 (70% dilution). When the last 
operation condition was set (80% GSW in the dilution feed), the daily biogas and 
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methane production started to drop, and fell to a minimal value (0.4 L CH4 d-1) after 
four days, as result of which the reactor was stopped.  
 
 
Figure 2. UASB reactor performance (a) Daily methane production along operation 
time (b) Volumetric methane production rate (VMPR) at different organic loading rates 
(blue circles represent operation for periods 1.7; red circles represent the period 8) (c) 
Methane content in biogas at different organic loading rates (d) Specific methane yield 
(SMYCOD) along operation time (e) COD and CODVFA in the effluent and removal 
percentage of COD (f) Total Ammonia Nitrogen (TAN) and pH in the effluent with time. 
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Fig. 2b represents the VMPR versus the OLR. Data represented in this figure show a 
very good relation between the OLR and the VMPR during operation periods 1-7 (blue 
circles in Fig. 2b). The OLR-VMPR ratio exhibited a strong correlation (p < 0.01). 
These data indicates that the efficiency of the process did not decrease with the 
augmentation of the OLR up to 28.5 kg COD m-3 d-1. Red circles in Fig. 2b show the 
problems previously described at operation period 8, when the OLR was set at 32.0 kg 
COD m-3 d-1 and the methane production dropped. Thus, a stable operation at a 
maximum OLR of 28.5 kg COD m-3 d-1 was reached, allowing a stable mean VMPR 
yield of 8.4 m3 CH4 m-3 d-1. 
The reactor produced a methane-rich biogas from the day one of operation, as Fig. 2c 
shows. As can be observed, at the lowest OLR applied, the quality of the biogas was 
very high (82.9% CH4). The methane content in the biogas decreased in a linear way for 
the operation periods 1-4, just until GSW3 began to be used as feed. Methane content in 
the biogas dropped from 82.9% at an OLR of 3.9 kg COD m-3 d-1 to 65.0% at 17.1 kg 
COD m-3 d-1. In this case, a negative correlation was observed between the methane 
content in the biogas and the OLR (p < 0.05). The subsequent increase in biogas 
methane content (at a higher OLR) can be attributed to a different composition in the 
organic compounds coming from GSW3. A higher lipid content in GSW3 would 
explain the higher methane yield in terms of fresh matter in the BMP test (Alves et al. 
2009) and the higher methane content at continuous UASB operation. In this regard, 
juniper berries and the rest of botanical materials contain terpenic compounds and 
essential oils (Vichi et al., 2008) that can lead to different composition of lipids in the 
GSW depending on distillation condition operations. 
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Fig. 2d represents the methane yield per g of COD added (SMY). The different 
SMYCOD values of GSW and SWW obtained in the BMP test justify the intermediate 
value (about 0.25 L CH4 g-1 COD) during the first half of the experimentation. In the 
second half of the experimentation, as GSW proportion in the feed increased, the value 
of  SMYCOD got closer to that of the GSW, reaching values around 0.3 L CH4 g-1 COD 
at experimental period 7. The higher contribution of GSW to the total COD of the feed 
mixture is the reason for this effect. The high SMYCOD value is evidence of the high 
reactor performance until the last operation condition was set, since the maximum 
SMYCOD that an anaerobic system process can yield is 0.35 L CH4 g-1 COD. 
Analogously to the daily biogas and methane production and the VMPR, the SMYCOD 
also dropped at the last experimental condition. 
3.2.2 COD removal efficiency and VFA in the effluent 
Both the COD and the VFA of the effluent were analyzed at the end of each 
experimental condition. The values of VFA, COD in the effluent and the COD removal 
efficiency are shown in Fig. 2e. The presence of VFA in the effluent was negligible 
during experimental periods 1-7. The presence of acetic and propionic acids was 
minimal with concentrations lower than 200 mg CODVFA L-1. With regard to effluent 
COD and COD removal percentage, the effluent COD ranged between 1.5 and 2.8 g 
COD L-1 during experimental periods 1-7. The values of the effluent COD showed an 
increment trend throughout the operation days that was motivated by the increases in 
the OLR applied to the reactor. The COD removal efficiency increased with the OLR 
because of the higher biodegradability of the GSW compared to that of the SWW. 
Consequently, COD removal percentages higher than 95% were achieved from the third 
experimental condition. This parameter reached a maximum value of 97.0% at the last 
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stable operation condition (OLR 28.5 kg COD m-3 d-1). These results are in accordance 
with the methane yielded by the reactor, showing high efficiency reactor process 
performance. The day the reactor was stopped, the VFA concentration in the effluent 
had risen to 14.7 g CODVFA L-1, with acetic acid (8.6 g CODVFA L-1) being the major 
VFA, followed by butyric (3.2 g CODVFA L-1) and propionic (1.0 g CODVFA L-1). In this 
specific context, the presence of these compounds is clear evidence of reactor failure by 
over-acidification.  
3.2.3 COD/N ratio, pH and alkalinity 
The COD/N ratio in the feed for the first experimental period was 17.6/1. This ratio 
increased with the OLR due to the increasing proportion of GSW in the feed, passing to 
a value of 76.4/1 at experimental period 7 and to 81.6/1 at the last experimental period, 
when over-acidification occurred. According to Deublein and Steinhauser (2011), the 
optimal COD/N ratio for the methanization stage is within the range 60-90/1. However, 
an organic matter ratio of COD/N as high as 160/1 can be sufficient for the 
sustainability of the process. The results of this work show that process performance 
was not hindered by COD/N ratios below the optimal range because the efficiency of 
the process was similar within the aforementioned experimental ranges. In this regard, 
Guarino et al. (2016) also observed that the C/N ratio did not affect the methane yield 
during anaerobic digestion of buffalo manure. The higher VMPR and SMYCOD values 
can be attributed to the higher contribution of GSW in the feed mixture rather than the 
better COD/N ratio. A low COD/N ratio can lead to increased ammonia production and 
inhibition of methane production. However, this is not the case as TAN levels in the 
effluent were always in the range 300-400 mg TAN L-1 (Fig 2f), which are below 
typical ammonia inhibition levels of 1.7 g TAN L-1 (Chen et al., 2008). This data also 
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reveals that the increasing amounts of GSW in the feed did not have an influence in the 
effluent TAN concentration, so that the TAN concentration in the media proceeded 
mainly from the SWW. The pH of the effluent fluctuated between 8.2 and 8.4 along 
experimental periods 1-7. When the last operational condition started, the pH dropped 
to 8.1 and 7.9 on the following days and finally fell down to 5.3 the day the reactor was 
stopped, which confirms reactor failure owing to over-acidification. The effluent 
alkalinity fluctuated between 2500 mg CaCO3 L-1 at the first operation condition and 
3600 mg CaCO3 L-1 at experimental condition 7. Although degradation of organic 
matter produces acids that destroy alkalinity, the alkalinity is later returned when 
methane fermentation occurs. Thus, when the process performs at high efficiency, as in 
this case, the higher organic loading rate brought about higher alkalinity in the effluent.   
Despite the fact that the VFA/alkalinity ratio allows the detection of changes in the 
stability of an anaerobic digestion process (Rozzi et al., 1994), the negligible 
concentration of VFA in the effluent during operational periods 1-7 did not warn about 
the ulterior over-acidification in the period 8. In this sense, an analysis of VFA during 
the first days of operation of period 8 would have served as an indicator of process 
instability. However, the drop in the pH below 8 the day before process failure can also 
be interpreted as a signal of instability. Thus, the pH together with the volumetric 
methane production rate can be used to control and monitor the process. In this case, the 
last increment in the OLR caused an imbalance between acidogenic and methanogenic 
stages by organic overloading that could not be compensated with the alkalinity in the 
medium, causing VFA accumulation, along with a big drop in the pH and inhibition of 
methanogenesis, with the consequence of an irreversible reactor failure by over-
acidification. To cope with this problem, additional alkalinity should be provided by 
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increasing the proportion of SWW in the feed or by increasing the effluent recirculation 
to influent ratio.  
4. Conclusions 
Gin spent wash can be efficiently treated in UASB reactors by co-digestion with 
wastewaters that provide alkalinity and nutrients. Process performance at organic 
loading rates as high as 28.5 kg COD m-3 d-1 suggests technical feasibility for future 
industrial applications. The results have also shown that methane production rates and 
effluent pH can be used to monitor the process to prevent against over-acidification. 
Overall, this process can contribute to the generation of energy in the distilled gin 
industry, turning a pollution problem into energy to complement the energy supply 
needed in the distillery by using the biogas produced. 
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